Staphylococcus aureus is a prominent human pathogen and is known to form L-forms in vitro and in vivo during infection. However, the conditions of L-form formation are not optimal and the mechanisms of L-form formation in this organism are unknown. Here, we optimized the conditions of S. aureus unstable L-form formation, constructed a transposon mutant library and screened for mutants defective in unstable L-form formation. Our results revealed that 20 % sucrose, 3.5 % sodium chloride, 750-1000 U penicillin and 33 6C were optimal conditions for L-form formation. Stationary phase cultures of S. aureus formed L-forms better than exponential phase cultures. The S. aureus L-form colonies showed typical 'fried-egg' morphology and the cells had deficient cell wall, showed morphological diversity, and stained Gram-negative. The mutant library screens identified 15 mutants deficient in L-form formation and sequencing analysis identified mutations in eight genes and three intergenic regions. Real-time PCR analysis indicated that, with the exception of gntK, seven genes including glpF, glpK, NWMN_0623, NWMN_0843, NWMN_0333, NWMN_0872 and NWMN_1269 were preferentially expressed in L-forms as compared with normal cell-walled form (P,0.05). The identified genes involved in L-form growth mapped in the pathways for energy production, iron homeostasis, transporters, DNA repair, membrane biogenesis, and biosynthesis. Our findings shed new insight into the molecular basis of S. aureus unstable L-form formation and may have implications for development of novel drugs targeting S. aureus L-forms for improved treatment.
INTRODUCTION
L-form bacteria are a cell wall-deficient form of bacteria that were first discovered by Emmy Klieneberger in 1935 (Klieneberger, 1935 . Both Gram-positive and Gramnegative bacteria can be induced into L-forms (Burmeister & Hesseltine, 1968; Hubert et al., 1971; Makemson & Darwish, 1972; Williams, 1963) . Based upon their ability to remain in the L-form state and the presence or absence of residual cell wall, L-form bacteria can be classified into four groups, unstable and stable spheroplast L-forms and unstable and stable protoplast L-forms (Allan et al., 2009) . Stable L-forms originate from genetic variations of the wildtype strain and are genetically different from their parent strain with cell wall (N-form) (Allan et al., 2009) , and can divide and propagate indefinitely without a wall (Dell'Era et al., 2009) . In contrast, unstable L-forms originate from their N-form due to phenotypic or gene expression changes induced by exposure to inhibitors of cell wall synthesis such as beta-lactam antibiotics, or cell wall-hydrolysing enzymes, and can only grow on hyper-osmotic medium containing cell wall antibiotics. Stable L-forms cannot revert to the Nform, but unstable L-forms can revert to the N-form after removal of the cell wall inhibitors (Allan et al., 2009; Glover et al., 2009) . Unstable L-form bacteria do not grow in regular culture medium but require special culture conditions including rich medium, serum, cell wall inhibitors such as penicillin, osmotic protectant such as sucrose or sodium chloride and soft agar (Allan et al., 2009) . Most stable L-forms are isolated from the N-form by induction, selection, stabilization and adaptation. Steps other than the induction step do not require cell wall inhibitors (Allan et al., 2009 ).
Owing to the L-form's fascinating biology, study of the mechanisms of L-form formation and its potential role in persistent infections has important implications for improved understanding of pathogenesis and treatment of many persistent infections (Allan et al., 2009; Dienes & Weinberger, 1951; Domingue, 2010; Domingue & Woody, 1997) . Stable L-forms serve as a useful model to study cell division, membrane organization, basic biological functions in L-forms, and their ability to cause disease, while unstable L-forms are a useful model to examine the molecular processes involved in L-form formation. There has been recent interest in the molecular basis of L-form bacteria formation and survival (Allan et al., 2009; Devine, 2012; Domingue, 2010; Glover et al., 2009; Hoischen et al., 1997; Joseleau-Petit et al., 2007; Leaver et al., 2009) . Previous studies have mainly identified mutations in genes involved in cell wall synthesis or cell division in stable Lform bacteria that are important for L-form formation (Domínguez-Cuevas et al., 2012; Joseleau-Petit et al., 2007; Leaver et al., 2009; Siddiqui et al., 2006) . Despite numerous studies, little is known about the mechanisms of L-form formation. Using Escherichia coli unstable L-form bacteria as a model, we recently systematically examined the molecular basis of L-form formation. We found that DNA repair and protection (SOS response), energy production, efflux/transporters, iron homeostasis, cell envelope stress, and protein degradation such as trans-translation pathways are involved in bacterial unstable L-form formation and survival (Glover et al., 2009) . Despite this progress, the molecular basis of L-form formation in other bacteria remains largely unknown.
Staphylococcus aureus is a prominent human pathogen. Infections with S. aureus constitute a major risk to human health (Stapels et al., 2014) . S. aureus has previously been shown to produce L-forms in vitro (Banville, 1964; Fuller et al., 2005) and in vivo during infection (Michailova et al., 2007; Owens, 1987; Tanimoto et al., 1995) or after antibiotic treatment (Sears et al., 1987 ). An S. aureus strain can form 'fried-egg' colonies in the lab under appropriate conditions (Kato et al., 1986) . Clinical samples from patients suffering from meticillin-resistant S. aureus (MRSA) infection contained L-form bacteria exhibiting typical 'fried-egg' morphology (Tanimoto et al., 1995) . Interestingly, it has been observed in S. aureus that going through the L-form stage with initial phenotypic resistance or persistence to betalactam cell wall antibiotics could lead to stable genetic resistance after reversion to the walled N-form (Fuller et al., 2005) . However, the molecular mechanisms of L-form bacteria formation in S. aureus are unclear.
S. aureus is difficult to induce into L-form in medium due to its thick cell wall and high internal osmotic pressure. In this study, using the method of Owens & Nickerson (1989) to induce S. aureus to grow as L-form colonies, we optimized S. aureus unstable L-form-inducing conditions in the presence of penicillin in semi-solid medium. We also constructed a transposon mutant library of S. aureus and performed a preliminary screen to identify mutants defective in unstable L-form formation. We identified several genes involved in different pathways that are critical for unstable L-form formation in S. aureus. These results provide insight into mechanisms of S. aureus unstable L-form formation, understanding the emergence of antibiotic resistance, and bacterial persistence, and have implications for designing novel drugs and vaccines.
METHODS
Antibiotics. Penicillin, chloramphenicol, erythromycin and tetracycline were obtained from Sigma-Aldrich. Stock solutions of these antibiotics were freshly prepared, filter-sterilized and used at appropriate concentrations as indicated. Tetracycline, chloramphenicol and erythromycin were used at concentrations of 2.5, 5 and 10 mg ml 21 respectively for generating a random transposon mutant library.
Bacterial strains and culture conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . All of the S. aureus strains except strain RN4220 were derivatives of the Newman strain. S. aureus strains were cultivated in tryptic soy broth (TSB) (BBL) and tryptic soy agar (TSA) (Difco) at 37 uC.
Construction of S. aureus transposon mutant library. An S. aureus transposon mutant library was constructed as described by Bae et al. (2008) . Briefly, pFA545 plasmid DNA was transformed into S. aureus strain RN4220 competent cells by electroporation (voltage 2.5 kV, resistance 100 V, capacity 25 mF) using the MicroPulser electroporation apparatus (Bio-Rad), and then was isolated from RN4220 for introduction into S. aureus Newman strain competent cells. pBursa was transformed into S. aureus Newman strain carrying pFA545. The cells were spread on TSA plates containing 2.5 mg ml 21 tetracycline and 5 mg ml 21 chloramphenicol followed by incubation at 30 uC, then transferred onto prewarmed TSA (43 uC) containing 10 mg ml 21 erythromycin and incubated at 43 uC. About 6000 mutant clones were picked and cultured in 96-well plates, and this transposon mutant library was stored at 280 uC until use.
S. aureus L-form induction and optimization of conditions. Lform induction medium (LIM) was prepared to induce S. aureus Newman to grow as L-form colonies as described by Owens & Nickerson (1989) . LIM was composed of the following basic components: brain-heart infusion (BHI) (Becton Dickinson), sodium chloride, sucrose, magnesium sulfate, horse serum, penicillin G (Sigma) and agar (BD). In order to obtain optimal conditions, different components, different growth phase inocula and different inducing temperatures were tested.
When preparing LIM, 3.7 % BHI, 1 % agar, 0.125 % magnesium sulfate and 10 % horse serum remained unchanged, while the sucrose (5, 10 and 20 %), sodium chloride (3.5 and 7 %) and penicillin (500, 750, 1000 and 1500 U) concentrations were altered. Stationary and exponential phase cultures were used as inocula. S. aureus was grown in BHI broth overnight to stationary phase. The stationary phase cultures were diluted (1 : 1000) with BHI broth and incubated at 37 uC for 3 h to provide exponential phase inoculum. In order to detect the minimum bacterial inoculum required for L-form colony formation, stationary phase cultures were diluted 1 : 10, 1 : 100, 1 : 1000 and 1 : 10 000 with BHI for use as inocula. Stationary and exponential phase cultures and the various diluted inocula (10 ml) were spotted onto LIM that consisted of BHI supplemented with 1 % agar, 10 % horse serum, 3.5 % sodium chloride, 20 % sucrose, 0.125 % magnesium sulfate and 1000 U ml 21 penicillin G. After the inocula had been absorbed into the agar, the plates were inverted and incubated at 33 uC for 7-10 days. To assess the effect of different culture temperature affecting L-form formation, the stationary phase cultures were used to inoculate LIM followed by incubation at 37, 33 and 20 uC respectively.
The bacterial colonies were detected with an inverted microscope (Nikon GM3) and typical L-form colonies appeared as 'fried eggs' along with normal growth on the control medium without penicillin. For Gram stain, one L-form colony and one N-form colony were removed with toothpicks and ground into a drop of PBS on the slide. The bacteria were Gram-stained (Biswas et al., 1970) and then observed under a microscope (Olympus). Typical colonies were fixed with glutaraldehyde before being processed and examined by transmission electron microscopy (TEM; JEM-1230) and scanning electron microscopy (SEM; JSM-6380Lv) using procedures as described (Glover et al., 2009; Shingaki et al., 2003) .
Library screen to identify mutants with defect in L-form colony formation. The mutant library consisting of 6076 transposon mutants of S. aureus Newman was thawed at room temperature. Then it was transferred to 96-well plates with 200 ml BHI medium by a 96-well replicator and grown at 37 uC overnight without shaking. LIM plates (150 mm) were made following the optimal protocol that we tested before; LIM components consisted of BHI supplemented with 1 % agar, 10 % horse serum, 3.5 % sodium chloride, 20 % sucrose, 0.125 % magnesium sulfate and 1000 U ml 21 penicillin G. Stationary phase culture of the mutant library was transferred onto LIM plates by a 96-well replicator. Plates were allowed to dry before being inverted, placed into plastic bags with water for humidification and holes in the plastic bag wall, and incubated at 33 uC for 7-10 days before mutants were scored for defect in forming L-form colonies on LIM plates.
Inverse PCR and DNA sequencing of PCR products from L-form mutants. S. aureus L-form-deficient mutants and the parent strain (Newman) were centrifuged and bacterial cells were collected for DNA extraction from overnight cultures. The genome DNA was isolated by using lysostaphin (Sigma), glass beads (0.1 mm) and RNase solution (4 mg ml 21 ), followed by phenol/chloroform extraction and ethanol DNA precipitation. The purified chromosomal DNA was digested by the restriction enzyme AciI (New England Biolabs) and DNA restriction fragments were then circularized using T4 DNA ligase (New England Biolabs). The ligated DNA (5 ml) was used as template for inverse PCR in a 25 ml reaction volume with primers ermF and ermR ( Table 2 ). The PCR cycling parameters were 10 min at 96 uC, followed by 40 cycles of 30 s at 94 uC, 30 s at 63 uC and 3 min at 72 uC. The PCR products were subjected to DNA sequencing with primer ermF. The identity of the DNA sequences was searched in the NCBI database using the BLAST algorithm to identify the gene of interest.
Real-time reverse transcription PCR (RT-PCR).
Real-time RT-PCR was used to verify the library screen results. The levels of transcription of glpF, glpK, NWMN_0872, NWMN_1269, NWMN_0623, NWMN_0333, NWMN_0843 and gntK in S. aureus L-form versus N-form bacteria were detected. Cultures of S. aureus strain Newman grown overnight in TSB were inoculated onto LIM and BHI media with sucrose control. These plates were incubated at 33 uC for 7 days. The colonies grown on LIM and BHI with sucrose were collected for RNA isolation. The culture samples were washed once with diethyl pyrocarbonate/H 2 O and centrifuged at 8000 g at 4 uC for 5 min. The cell pellets were digested by lysostaphin. RNA was isolated according to the manufacturer's instructions (Sangon Biotech). Primers corresponding to the genes of interest were designed using Primer Express software (version 2.0; Applied Biosystems). The expression of 16S rRNA was used as the control for estimating fold changes (Table 2) (Luong et al., 2006) . Total RNA was converted to cDNA using SuperScript III First-Strand synthesis (Takara Bio) as described by the manufacturer. The cDNA was used as template to perform real-time RT-PCR by following the instructions with the reagent kit SYBR Premix Ex Taq II (Takara Bio). Cycling parameters were 95 uC for 30s, followed by 40 cycles of 5 s at 95 uC, 30 s at 60 uC. Relative expression levels were determined by the comparative threshold cycle (DDC t ) method. Quantitative PCR was performed in triplicate. The relative concentrations of the target gene mRNA transcription levels were analysed by statistics. P-values less than 0.05 were considered significant.
RESULTS AND DISCUSSION
Unstable S. aureus L-form induction and identification LIM was tested for its ability to induce S. aureus Newman to grow as L-form colonies. The typical S. aureus L-form colonies had 'fried-egg' morphology under an inverted microscope (Fig. 1a) ; they had typical embedded growth into the soft agar and could not be scraped off. The N-form Factors affecting L-form formation and molecular basis of S. aureus had smooth colonies (Fig. 1b) ; it did not show embedded growth and could be scraped off easily from the agar surface. N-form S. aureus had a cell wall, was coccoid and was Gram-positive, and cells were arranged like grapes, while the L-forms lost the typical shape and were Gramnegative (Fig. 1c, d ). The S. aureus L-form bacteria had complete or partial loss of cell wall and contained a large number of intracellular vesicles under TEM (Fig. 1e) , but the N-form bacteria had cell walls and no obvious vesicles in the cytoplasm (Fig. 1f) . The cell wall plays very important roles in the life cycle of bacteria: it protects the cell from mechanical damage, maintains cell shape and prevents the cell from lysing due to osmotic pressure, allows the cell to grow and divide, and participates in pathogenesis (Cabeen & Jacobs-Wagner, 2005; Jordan et al., 2008) . Pleomorphic shape and the appearance of vacuoles are important characteristics of L-forms (Allan et al., 2009) . S. aureus is a Gram-positive bacterium and has a thick cell wall that can resist the bleaching effect of alcohol during Gram stain. However, L-form bacteria become polymorphic and Gramnegative due to loss of cell wall. S. aureus L-form colonies exhibited rough surface morphology and 'fried-egg' shape under SEM (Fig. 1g) . Interestingly, there was no linear relationship between the number of L-form colonies and the dilution of the inocula (Fig. 1h) . This indicates that L-formforming cells in the inocula are of a stochastic nature and have a random distribution.
Optimization of culture conditions for S. aureus L-form induction
Bacterial L-forms are osmotically fragile, requiring electrolytes, sucrose or other osmotic stabilizers in the medium to survive (Montgomerie et al., 1972) . Most bacterial L-forms usually require sucrose and/or sodium chloride in the medium (Montgomerie et al., 1967) . S. aureus L-forms as protoplasts need sucrose and sodium chloride to stabilize osmotic pressure (Mitchell & Moyle, 1957) . Based on the previous L-form medium for inducing S. aureus L-form (Owens & Nickerson, 1989) , we adjusted and optimized the component ratio of the medium, inocula and the culture conditions to more easily induce S. aureus L-forms. In the present study, BHI, magnesium sulfate, horse serum and agar concentration were fixed at 3.7, 0.125, 10 and 1 % respectively, and the concentrations of sucrose, sodium chloride and penicillin G were altered.
In our study, we found that, although the S. aureus L-form could be induced at 5-20 % sucrose concentration range, the preferred concentration was 20 %, and at concentrations of 5 and 10 %, S. aureus produced very few L-form colonies (Fig. 2a) . S. aureus has a more rigid cell wall and higher internal turgor pressure then E. coli. The high sucrose concentration can stabilize the higher internal osmotic pressure and contribute to L-form growth. S. aureus L-form can be induced in the concentration range 500-1500 U penicillin G, but the most suitable range is 750-1000 U (Fig.  2b) . The optimal concentration of sodium chloride was found to be 3.5 % and the L-form was induced with much less efficiency on LIM containing more than 7 % sodium chloride (Fig. 2c) . Although S. aureus was claimed to grow in media containing a high concentration of salt (e.g. 10 % sodium chloride) in a previous study (Baird & Lee, 1995) , we found that the number of L-form colonies was less at 7 % sodium chloride than at 3.5 %. This indicated that the high concentration of sodium chloride could damage or inhibit S. aureus L-forms. We also tested the effects of different inoculum size and culture temperature on S. aureus L-form formation. Stationary phase S. aureus culture was a better inoculum than exponential phase culture in producing L-form colonies when plated directly onto LIM (Fig. 2d) . The maximum S. aureus inoculum dilution that achieved L-form colony formation was 1 : 100. This indicates that the minimum number of bacteria (10 6 -10 7 c.f.u. ml 21 ) needed to obtain S. aureus L-form colonies was higher than that for E. coli Lform formation at 10 4 -10 5 c.f.u. ml 21 as shown in the previous study (Glover et al., 2009) . The stationary phase cultures of S. aureus gave more cells (1.33610 9 c.f.u. ml 21 ) than the exponential phase cultures (7.0610 7 c.f.u. ml
21
) and the bacteria were tolerant to penicillin owing to formation of persisters (Keren et al., 2004; Lechner et al., 2012) . The exponential phase S. aureus cells were difficult to induce into L-form with low inoculum size, and were more sensitive to penicillin, presumably being killed before they could be induced into L-form. Although 37, 33 and 20 u C all allowed S. aureus to form L-form colonies, the optimal temperature to support L-form growth was 33 u C (Fig. 3) . At 33 u C small L-form colonies could be seen at 3 days and a large number of colonies formed after 5-7 days. However, at 37 u C, it took 5 days to form a few small L-form colonies. At 20 u C, no L-form colonies were seen until after 5 days and it took 7-10 days to form more visible colonies. These results suggest that, in vivo, S. aureus can form the L-form more easily on the skin with a lower temperature than in the inner body with a higher temperature.
Many factors can affect S. aureus L-form induction and cultivation. Altering one or several components in LIM or culture conditions may lead to different results. Therefore, the optimal inducing conditions for S. aureus L-form formation are not fixed. Conditions that cannot induce S. aureus L-form successfully may still work when other factors are changed.
Identification of mutants with defect in L-form formation from S. aureus transposon mutant library
Having established the S. aureus optimal L-form condition, we wanted to identify genes that are involved in L-form formation. To do this, we first constructed an S. aureus transposon mutant library and then screened the library on LIM plates as described in Methods. The plates were incubated at 33 u C for 7 days, when mutants were scored for defect in forming L-form colonies. Fifteen mutants that could not form L-forms were identified from the S. aureus mutant library. To identify the genes whose mutation led to defect in L-form formation, we performed inverse PCR and DNA sequencing. The 15 mutants that did not form L-forms were successfully mapped to eight genes and three intergenic regions (Table 3) . Three mutants had mutations in glpF and NWMN_0623, six mutants had changes that mapped to a different gene (glpK, NWMN_0843, NWMN_0333, NWMN_ 0872, NWMN_1269, gntK), and the other three mutants each mapped to a different intergenic region (Table 3) .
The mutant genes were overexpressed in S. aureus L-form bacteria but not in normal bacteria To confirm that the eight genes identified in the mutants are associated with L-form formation, it was assessed (e) S. aureus L-form shape and structure (TEM, ¾100 000). S. aureus L-form had deficient or fractured cell wall with irregular morphology and contained a large number of vesicles. (f) S. aureus N-form shape and structure (TEM, ¾100 000). S. aureus N-form had spherical shape and thick cell wall. (g) S. aureus L-form colony (SEM, ¾500). S. aureus L-form colonies exhibited rough surface and typical 'fried-egg' morphology. (h) S. aureus L-form culture with different inoculum size. 1, Stationary phase inoculum without dilution; 2, 1 : 10 diluted stationary phase inoculum; 3, 1 : 100 diluted stationary phase inoculum.
Factors affecting L-form formation and molecular basis whether they are overexpressed in S. aureus L-form bacteria compared with N-form. We prepared S. aureus L-form bacteria on LIM and normal growth as a control on media without penicillin, and isolated RNA from both types of the bacterial cells. The isolated RNA samples were subjected to real-time RT-PCR. With the exception of gntK, whose expression level was not significantly different between L-form bacteria and N-form bacteria, glpF, glpK, NWMN_0623, NWMN_0843, NWMN_0333, NWMN_0872 and NWMN_1269 were found to be expressed at very low levels in normal growth but increased to higher levels in Lform growth (P,0.05) ( Table 4) .
Although many previous studies have demonstrated the formation of L-forms by S. aureus (Banville, 1964; Fuller et al., 2005; Owens, 1987) , the mechanisms involved in L-form formation in this organism have remained unknown. This study provided the first molecular insight into the mechanism of L-form formation in S. aureus to our knowledge. In our previous study on E. coli L-form formation, we found that many pathways were involved, including phage shock, DNA repair/SOS, heat shock, efflux pumps, transporters, energy production, iron homeostasis, membrane maintenance, etc. (Glover et al., 2009 ). The results of S. aureus mutant library screening indicated that several genes that take part in S. aureus L-form formation similarly mapped to pathways involved in energy production, iron homeostasis, transporters, DNA repair, and biosynthesis (Fig. 4) . Although the genes identified to be involved in L-form formation of the Gram-positive S. aureus (Table 3) are different from those in the Gramnegative organism E. coli (Glover et al., 2009) , the pathways involved have similarities, which indicates conserved mechanisms of L-form formation in different organisms. The results may also reflect the similarities and differences in mechanisms of Gram-positive and Gram-negative bacteria in L-form formation.
Glycerol uptake facilitator protein, GlpF, and glycerol kinase, GlpK, are involved in glycerol uptake and metabolism and could influence energy production and membrane synthesis (Yao & Rock, 2013) . Glycerol metabolism could be critical for L-form bacteria since they would require an energy source and also elevated membrane biogenesis during L-form formation. Gluconate kinase (GntK), catalyses the phosphorylation of gluconate using ATP as phosphoryl donor. In E. coli, gluconate is formed through direct oxidation of glucose, and naturally Factors affecting L-form formation and molecular basis occurring gluconate can be used as an exogenous carbon source (Kraft et al., 2002) . Bacteria in the L-form may require an energy source differing from the conventional glucose utilized in growing bacteria in cell-walled form. In this sense, GntK, involved in utilization of gluconate as an alternative carbon source, may be important for L-form growth. NWMN_0872 encodes GTP pyrophosphokinase and is involved in nucleotide metabolism. NWMN_0623 is an uncharacterized membrane protein and NWMN_0623-inserted mutants were detected three times in this study. This indicates that the NWMN_0623 membrane protein plays an important role in S. aureus L-form formation. NWMN_1269 encodes a sodium : alanine symporter family protein which participates in cell transport and in cell volume maintenance by mediating the movement of ions and water across the plasma membrane. In this context, a functional NWMN_1269 sodium : alanine symporter could be particularly important for L-form bacteria to maintain nutrient transport and also cell volume, and disruption of this protein could be detrimental to L-form bacteria. In this study, several genes of unknown function were identified to be involved in L-form formation or survival (Table 3) . Further studies are needed to explore how these genes work in S. aureus L-form formation.
The pathways involved in L-form formation in E. coli have previously been shown to overlap with those involved in persister and biofilm bacteria (Glover et al., 2009) . Although the persister mechanisms in S. aureus are not clear, our recent study shows that glpF is involved in both L-form and persister formation (Han et al., 2014) . Thus, study of the mechanisms of L-form formation will also shed light on the mechanisms of persistence in S. aureus. Persisters are a significant problem in the clinical setting and underlie various persistent bacterial infections (Zhang, 2014) . Improved understanding of the mechanisms of Lform bacteria will have implications for development of new antibiotics targeting persister bacteria for improved treatment of persistent infections.
CONCLUSIONS
In conclusion, we optimized the conditions for S. aureus Lform formation and performed a genetic analysis of the basis of L-form formation. Genes involved in S. aureus Lform formation were identified by mutant screens. The results showed that pathways involved in L-form formation have similarities in different bacteria. Our results shed new insights into the molecular basis of S. aureus L-form formation and may have implications for development of novel drugs targeting S. aureus L-forms for improved treatment of antibiotic-resistant and persistent infections. Fig. 4 . Proposed pathways involved in L-form formation and survival in S. aureus.
